Cholinergic neurons innervating cortical structures are among the most affected neuronal populations in Alzheimer's disease. In rodents, they express high levels of the neurotrophin receptor p75 NTR . We have analyzed cholinergic septohippocampal neurons of the medial septal nucleus in p75 exonIII (partial p75 NTR knock-out) and p75 exonIV (complete p75 NTR knock-out) mice, in their original genetic background and in congenic strains. At postnatal day 15, the p75 exonIII mutation leads to a moderate increase (ϩ13%) in these neurons among littermates only after back-crossing in a C57BL/6 background. In contrast, the null p75 exonIV mutation, which prevents expression of both the fulllength and the shorter p75 NTR isoforms, results in a 28% neuronal increase, independent of genetic background. The incomplete nature of the p75 NTR mutation used previously, coupled with difficulties in delineating the mouse medial septum and the impact of the genetic background on cell numbers, all contribute to explain previous difficulties in establishing the role of p75 NTR in regulating cholinergic neuron numbers in the mouse forebrain.
Large neurons of the basal forebrain give rise to the widespread cholinergic innervation of cortical structures. The most widely investigated population of these neurons, located in the septum and projecting to the hippocampal formation (Sofroniew et al., 1987) , is used frequently as a model for CNS cholinergic neurons. In Alzheimer's disease, the loss of explicit memory is accompanied by a loss of cholinergic function (Bartus et al., 1982; Coyle et al., 1983; Perry et al., 1999) . In addition, learning-deficient rats have smaller basal forebrain cholinergic neurons, and their performance, as well as the size of their cholinergic neurons, can be increased by the administration of nerve growth factor (Fischer et al., 1987) . In view of the functional importance of cholinergic neurons, it is of considerable interest to understand the molecular mechanisms regulating their survival.
The neurotrophins are among the best studied signaling systems regulating neuronal numbers in the nervous system (Bibel and Barde, 2000) . They are well known to affect the viability, differentiation, and size of CNS cholinergic neurons (Hefti, 1986; Vantini et al., 1989; Li et al., 1995; Lucidi-Phillipi et al., 1996) . NGF and brain-derived neurotrophic factor are synthesized by hippocampal neurons, which are the target cells of forebrain cholinergic neurons. NGF is taken up by the cholinergic terminals of the septohippocampal neurons bearing both p75 N TR and TrkA receptors and is retrogradely transported to the cell body region (for review, see Hagg et al., 1994) . Although the septal neurons have long been known to express p75 N TR at particularly high levels, the role of this receptor in their survival is unclear and controversial. Van der Zee et al. (1996) first reported an increased number of cholinergic neurons in the septum of mice carrying a targeted mutation in the third exon of the p75 NTR gene. However, subsequent investigations using the same mouse mutant led to conflicting results, with some studies indicating an increase and others indicating a decrease or no significant changes (Hagg et al., 1997; Peterson et al., 1997; Yeo et al., 1997; Hagg, 1999; Peterson et al., 1999; Ward and Hagg, 1999; Greferath et al., 2000) .
Recently, a new mutation in the p75 NTR locus was generated that also eliminates a splice variant encoded by this locus (von Schack et al., 2001 ). This previously unrecognized variant encodes a "short" form of p75 N TR (s-p75 N TR ) that has the same transmembrane and cytoplasmic domain as the full-length, well characterized form of p75 N TR . Mice bearing this novel p75 e xonI V mutation display a more drastic phenotype than the previous p75 e xonIII mutants (Lee et al., 1992) , including a larger reduction in the number of dorsal root ganglia neurons and Schwann cells. This new p75 NTR mutant was used in the present study, and because we wished to compare the results with those obtained using the previous, hypomorphic p75 NTR mutation, we also generated congenic strains carrying each of the two mutations. For each mouse strain, we also defined the boundaries of the medial septum (MS) by retrograde Fluoro-Gold (FG) tracing in combination with immunolabeling for ChAT and p75 N TR .
MATERIALS AND METHODS
Mouse strains and breeding colony. The p75 e xonIII mutation was generated as described by Lee et al. (1992) using J1(129) embryonic stem (ES) cells and was obtained from The Jackson Laboratory (Bar Harbor, M E) (strain JR2124) in its original, mixed background, Sv129/ BAL B/cJ. It was maintained at the Max Planck Institute by alternating breeding to Sv129 (Sv129Pas substrain) to generate heterozygotes and breeding of heterozygous siblings, as shown schematically in Figure 1C .
The p75 e xonI V mutation was generated as described previously (von Schack et al., 2001) in R1(129) ES cells/C57BL /6 blastocysts and kept in a mixed genetic background by breeding of heterozygous siblings. This line was at F5 (fifth generation) at the time of submission of this manuscript.
Congenic C57BL /6 (B6) strains bearing each of the two mutations were generated by consecutive mating of a heterozygous mouse in the mixed background to a pure B6 mouse obtained from Charles River Laboratories (Wilmington, M A). All mice analyzed for this report were from at least the seventh backcross generation.
Genetic (microsatellite mark er) anal ysis. Tail genomic DNA was extracted from the following three representative mice: a B6 mouse from Charles River Laboratories, a p75 e xonIII (B6) mouse, and a p75 e xonI V (B6) mouse of the same backcross generation. Fifty-nine PCRs spanning microsatellite regions in the entire mouse genome were performed on each genomic DNA. PCR primer sequences were taken from the Mouse Genome Database (w w w.informatics.jax.org); licensed oligonucleotides were from Research Genetics (Huntsville, AL). In each lane, ROX 500 (Applied Biosystems, Foster C ity, CA) was used as a size standard. The fragment length of each amplicon was analyzed using an Applied Biosystems Prism 377 DNA Sequencer; gel analysis and determination of the fragment length were done using the GeneScan and GenoT yper software packages (Applied Biosystems). Fragment lengths were then compared with data available for C57BL /6 and Sv129 mice from Jackson and Charles River Laboratories (Medigenomix, Martinsried, Germany). NTR and the splice variant s-p75 NTR proteins, depicting their different domains and their correlation to the intron-exon structure of the genomic locus. Arrows point to the approximate location of the targeting event: the p75 e xonIII mutation (Lee et al., 1992) replaced part of exon III with a selection cassette, whereas the p75 e xonI V mutation inserted the cassette in reverse orientation within exon IV, thus preventing expression of both the fulllength and the s-p75 NTR splice isoform (von Schack et al., 2001) . C, Breeding scheme for the p75 e xonIII line (left) and generation of a congenic B6 strain bearing this mutation. The original line obtained from The Jackson Laboratory was maintained by heterozygous matings and crosses to Sv129, resulting in a line of mixed background in which Sv129 is most prominent. To generate the congenic B6 strain (right), originally mixed-background heterozygotes were consecutively mated to B6 males from Charles River Laboratories. The congenic p75 e xonI V (B6) strain was generated according to the same scheme.
FG retrograde tracing.
Because neighboring septal nuclei (e.g., the lateral septal nucleus) also contain cholinergic neurons, which only exceptionally colocalize with p75 N TR , tracing experiments were performed to delineate the boundaries of the region containing cholinergic septohippocampal projection neurons of each strain. Wild-type and mutant mice received intrahippocampal injections of the retrograde fluorescent tracer FG bilaterally (four injections each, 2.5% FG) (Naumann et al., 1992) . One week later, mice were perf used and brains were cut as described below. Vibratome sections containing the septal region were first analyzed using fluorescence microscopy to define the "region of interest" (Fig. 2) . Sections containing FG-backlabeled septohippocampal neurons were first photodocumented and then immunostained against ChAT (Fig. 2) or p75 N TR . T issue processing and immunoc ytochemistr y. Mice were transcardially perf used first with 0.9% saline and then with 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.35) . Whole brains were post-fixed in the same fixative for 2 hr. Coronal 50 m sections were cut on a vibratome across the entire septal region and collected to reconstruct the complete series as described in detail in Results (see also Fig. 3) .
ChAT immunocytochemistry was performed with a goat anti-ChAT polyclonal antibody (1:500 in 0.1 M PB containing 5% normal rabbit serum and 0.5% Triton X-100; Bioproducts, Boehringer Ingelheim, Ingelheim, Germany) for 48 hr at 4°C, followed by biotinylated rabbit anti-goat IgG. p75 N TR immunocytochemistry (data not shown) was performed using an anti-human antibody (catalog #G3231; Promega, Madison, W I) diluted 1:1000 in 0.1 M PB containing 1% normal goat serum and 0.5% Triton X-100. Immunostaining was visualized as described previously (Naumann et al., 1997) using the avidin -biotin complex Elite K it (Vector Laboratories, Burlingame, CA) followed by DAB reaction. Every second section of each complete series (Fig. 3) was used for statistical analysis. Sections were mounted on slides, dehydrated, and coverslipped using Histokit (Shandon, Pittsburgh, PA).
Cell counts: quantitative stereolog y and statistical anal ysis. The number of cholinergic MS neurons was first obtained by direct, "manual" counts on ChAT-immunostained sections (Naumann et al., 1994) and subsequently with the optical disector/fractionator method (OF; see also West et al., 1991) , but relative differences among groups were directly comparable (within 3%) using both methods. Figures 4-6 show only stereological data obtained by one observer with the OF, because this method is unbiased and is currently the method of choice (Peterson et al., 1999) . For quantitative stereology, sections of the septal region were visualized on a computer screen attached to an Olympus BX60 microscope F5 (Olympus Optical Co. L td., Düsseldorf, Germany). A computercontrolled stepper motor stage and focus assembly allowed movement in the x-, y-, and z-axes. C ell counts were performed using Stereo Investigator software (version 3.0; MicroBrightField, Inc., Colchester, V T). According to our criteria described in Figures 2 and 3, the region of interest was first marked for every single section using low-power magnification (4ϫ/0.10 objective). For subsequent cell counts, the following parameters were added to the program: counting frame, 50 ϫ 30 m; guard zone, 2 m; and counting depth, 8 m. Thereafter, using highpower magnification (oil objective lens, 100ϫ/1.35), ChAT-positive cells that f ulfilled the criteria of the unbiased counting rules were marked and added to the probe run list. The total cell numbers estimated by the OF were subsequently analyzed by three-way ANOVA (6.12 PROC GL M; SAS Institute, C ary, NC). Statistical significance was analyzed for the corresponding three classes with two levels each [1, wild type/ knock-out; 2, p75 e xonIII /p75 e xonI V mutation; 3, original background / B6 or postnatal day 15 (P15)/adult], all with repeated measurements.
Reverse transcription-PCR anal ysis. cDNA was synthesized from 1 g of total RNA from whole brain and from the MS region of P15 mice (B6 and Sv129 strains) as described previously (von Schack et al., 2001 ). The following primers were used to detect FL -p75 N TR : 5Ј-CC T GCC TGG ACA GTG TTA CG-3Ј and 5Ј-GCC AAG ATG GAG CAA TAG ACA G-3Ј; 5Ј-TGC C TG GAC AAG ATC CC T GG-3Ј and 5Ј-GGC C TG AGG CAG TC T GTG TG-3Ј were used to detect s-p75 N TR . Detection of the s-p75 N TR transcript requires at least 2.5-fold higher levels of input cDNA than detection of FL -p75 N TR .
RESULTS

Genetic manipulations: p75 NTR mutations and generation of congenic strains
The p75 e xonIII mutation was first reported in 1992 (Lee et al., 1992) and was initially distributed by The Jackson Laboratory (strain JR2124) in a mixed Sv129/BALB/cJ background after consecutive matings of homozygous siblings. This mutation targeted exon III ( Fig. 1 ) and does not affect the expression of a splice variant of p75 N TR (s-p75 N TR ) that has only been discovered recently (von Schack et al., 2001 ). The p75 e xonI V mutation, which eliminates expression of both the full-length p75 N TR receptor and the s-p75 N TR isoform ( Fig. 1 B) , was generated in a mixed Sv129/C57BL/6 background (von Schack et al., 2001 ). Originally, then, both lines contained ϳ50% of Sv129 background in their genomes. The Sv129 background has been shown to be highly heterogeneous, however, with multiple substrains identified (Simpson et al., 1997) . In addition, it is well known that both BALB/c and Sv129 mice display some abnormalities, including malformations of the corpus callosum (c.c.) (Wahlsten, 1982) , a crucial landmark for the anatomic definition of the boundaries of the septal nuclei. Finally, the viability, litter size, and reproductive efficacy of the Sv129 strain are known to be rather low (Green and Witham, 1991) . We chose the B6 strain to generate congenic Figure 3 . Variability in the localization of the MS nucleus in p75 e xonIII and p75 e xonI V mutants. Representative examples of the morphological analysis performed for each mutation in the different backgrounds and at two different ages are shown. In each panel, the mutant mice are represented in the top half, and the corresponding wild-type littermates are represented in the bottom half. In each individual panel, mice belonging to the same litter are represented by the same color. All frontal sections of the entire septal complex were collected as complete series and numbered according to their exact position from rostral (left) to caudal (right) positions (vertical lines in each panel ). Independent of malformations of the fiber tracts, the coronal section through the septal complex was designated section c.c., where the tips of the corpus callosum were first found in close contact (Fig. 2) . Because every second section of the complete series was used for quantitative stereological analysis, each position refers to the "0" position of the c.c., using even numbers in both directions. Each horizontal bar represents the complete series of the septal complex sections containing cholinergic MS neurons in an individual mouse. Numbers on each bar (e.g., 4959/22) indicate the total number of ChAT-immunoreactive neurons counted in the MS (4959) and the number of sections collected through the MS (22). In some cases, virtually no cholinergic neuron was detectable in the most caudal section of the MS region (hatched reg ion of the horizontal bar). Note the higher degree of variability in the p75 e xonIII line than the p75 e xonI V line, both at P15 and in the adult.
lines (Fig. 1C) and introduced each of the two p75
NTR -targeted mutations in the inbred C57BL/6NJCrl background provided by Charles River Laboratories. Although the p75 e xonIII mutation has been inbred at our institute for multiple generations, with occasional crosses to the inbred strain Sv129Pas (Fig. 1C) , the mixed B6/Sv129 background of the p75 e xonI V mutation has been better preserved because of the limited (F4, F5) number of generations.
Genomic DNA from a seventh-generation mouse in each line (with an estimated Ͼ98% B6 content) was subjected to an extensive microsatellite marker analysis and compared with the genomic DNA of a pure B6 mouse. This analysis revealed that the background of the p75 e xonIII (B6) mice is almost identical to that of p75 e xonI V (B6) mice. As seen in Table 1 , both congenic B6 lines display the B6 genotype for the vast majority of the markers tested, with the p75 e xonIII line showing B6/Sv129 heterozygosis at only two positions (D10Mit 205 and D11Mit 270) and the p75 e xonI V line at one unique position (D13Mit 236).
Anatomic analysis: distribution of septohippocampal neurons in the MS
We analyzed the distribution of septohippocampal projection neurons after intrahippocampal injections of the retrograde fluorescent tracer FG in the different mouse strains, including the mutants. As shown in Figure 2 (middle columns), the overall distribution of septohippocampal projection neurons resembles the pattern observed in rats (Naumann et al., 1992) , regardless of malformations or partial lack of the corpus callosum. Especially in animals with an Sv129 genetic background, a reduction of fiber crossing between the two hemispheres was often observed. In several cases (primarily in the congenic B6 strains), we also found variable locations of the fimbria-fornix bundle in our serial sections through the caudal region of the medial septum/diagonal band (MSDB) complex. These observations were made both in mutant animals and in their wild-type littermates, suggesting that these malformations are a characteristic feature in a given background (Wahlsten, 1982; Bentivoglio et al., 1994; Wahlsten and Bulman-Fleming, 1994) rather than induced by the mutations in the p75 NTR locus (Peterson et al., 1999) . In all animals investigated, we first analyzed the distribution of FG-labeled neurons along the rostrocaudal extent of the septal complex (Fig. 2, middle  columns) . Subsequently, the same sections were processed with an antibody against p75 N TR or ChAT (Fig. 2, right columns) , specific markers for cholinergic MSDB neurons (Li et al., 1995) . We found that in all mouse strains examined, the distribution of MSDB neurons (Fig. 2 , middle columns) that were positive for both p75 N TR and ChAT was similar to that of the FG-labeled neurons (Fig. 2, right columns) . Hence, our region of interest (Fig.  2, gray areas in the left columns) for the quantitative analysis of the number of cholinergic neurons can be accurately defined by these three markers. NTR mutations at P15. The effect of each mutation in a mixed background (left) or in congenic B6 strains (right) was quantified as described in Figures 2 and 3 . For each line, 10 wild-type and 10 homozygous mutant mice from heterozygous matings were analyzed at P15. The moderate effect of the p75 e xonIII mutation in the mixed background (6.5% increase) is enhanced in the B6 background (13% increase). In contrast, the p75 e xonI V mutation, which prevents expression of both the full-length receptor and the s-p75 NTR isoform, leads to comparable effects in both genetic backgrounds (28% increase in B6 and 22% increase in a mixed background).
A striking feature of the different mouse strains, as well as of individuals of the same strain, was the variable location of the MSDB complex along the rostrocaudal axis. This is illustrated in Figure 3 , which shows marked differences in the location of the MS region in the forebrain in four representative, different strains. These variations were most pronounced in the Sv129/ BALB/c background of P15 animals and were maintained in part into adulthood. Therefore, traditional anatomic landmarks and stereological coordinates cannot be used to define the exact location of the MS. For example, criteria based on classic landmarks such as "complete crossing of the corpus callosum" (Fig. 3,  c.c.) for the first frontal section of a septal series would result in the loss of sections containing parts of the MS, thus yielding artificially reduced cell counts.
Variability of cholinergic MS neurons in the wild-type strains
During the course of our studies, we also realized that the wild-type littermate groups corresponding to different lines were not identical with regard to the number of neurons in the MS (Albanese et al., 1985; Bentivoglio et al., 1994) . Figure 4 shows mean values of ChAT-immunoreactive MS neurons counted with the OF method in the entire septum of 10 mice of each wild-type class. The largest number (3845 Ϯ 660) corresponds to the wildtype class of the p75 e xonIII line in a mixed background, which also corresponds to the strain with the highest Sv129 content. In contrast, the lowest number (2402 Ϯ 188) corresponds to the wild-type mice of the p75 e xonI V (B6) line, with a practically 100% B6 content. Likewise, the congenic p75 e xonIII (B6) wild-type mice contain a number of ChAT-immunoreactive MS neurons (2674 Ϯ 286) that are very similar to those seen for the inbred pure B6 mice (2892 Ϯ 484). Two strains with intermediate, mixed Sv129/B6 genetic backgrounds that were generated with different clones of Sv129 ES cells yield intermediate numbers of cholinergic neurons (R1, 3471 Ϯ 574; J1, 3291 Ϯ 619). From this analysis, then, we conclude that the B6 genetic background contributes significantly to lowering the numbers of ChATimmunoreactive MS neurons (also see next section). In view of these and previous results (Schwegler et al., 1996) , it became apparent that a conclusive analysis of cholinergic neurons requires comparison of mutant animals with wild-type littermates of the same line.
Effects of the p75
exonIII and p75 exonIV mutations on the number of cholinergic MS neurons at P15
Ten wild-type and 10 homozygous mutant mice were analyzed at P15 for each p75 NTR mutant line in its original background. This age was selected in light of the largest differences observed in p75 e xonIII mutants in a previous report (Van der Zee et al., 1996) . We found that the p75 e xonIII mutation in its original SV129/ BALB/c background leads to only a slight, 6.5% increase in the number of MS cholinergic neurons, whereas the same analysis performed in the mixed-background p75 e xonI V line reveals that mutant septal regions contain 22% more neurons than their wild-type littermates (Fig. 5) .
To further investigate the effect of the p75 e xonIII mutation in the mixed background, we compared the numbers obtained in individual litters (Fig. 3 , Sv129/BALB/c, different colors). This analysis revealed that the effect of targeting exon III of the p75 NTR gene is so subtle that opposing conclusions can be drawn if the number of mice analyzed is too small. Although some differences could be observed within individual litters between p75 e xonIII mutants (Fig. 3 , top left panel) and their wild-type littermates (Fig. 3, top left panel) , no difference could be found when all data for n ϭ 10 mice of each genotype were pooled. This was primarily attributable to high SD in this group (compare with Fig. 5) .
To eliminate the possible effects of two different genetic backgrounds, the same analysis was performed in the two corresponding congenic B6 strains. Here, the p75 e xonIII mutant mice exhibited a 13% increase over their wild-type littermates, exactly two times the increase observed in the mixed genetic background. In contrast, p75 e xonI V mutant mice show an increase of 22% (mixed background) or 28% (B6) with respect to their wild-type littermate controls. In agreement with our observation comparing different wild-type strains, the variability among individuals of the same group was always lower in the congenic B6 strains than in mixed backgrounds (Fig. 5) .
Statistical analysis (three-way ANOVA) of these data led to the following conclusions at P15: (1) the genetic background of the mouse (regardless of mutant or wild type) exerts a significant effect ( p Ͻ 0.0001) on the number of cholinergic MS neurons, (2) both mutations in the p75 NTR locus (regardless of which exon was targeted) significantly ( p Ͻ 0.0001) increase this number, and finally, (3) the type of mutation ( p75 e xonIII /p75 e xonI V ) significantly ( p Ͻ 0.05) influences this increase.
Late effects of both p75 NTR mutations on the number of MS cholinergic neurons
We were then interested to see whether the increase in the number of cholinergic neurons determined at P15 would persist with age. Because the largest differences at P15 had been observed in the B6 background, we quantified the effects at 3 months of age in B6 mice. Between P15 and 3 months, there is a slight increase in the number of ChAT-immunoreactive MS neurons in Figure 6 . Effect of the two p75 NTR mutations at 3 months of age. The persistence of the effect of each p75 NTR mutation was evaluated at 3 months of age in the congenic B6 strains as described in Figure 5 . Although the effects of both mutations are less pronounced with increasing age, the larger increase seen in the p75 e xonI V compared with the p75 e xonIII mutation persists. Numbers listed under Peak 1 and Peak 2 indicate the fragment length (in base pairs) of the bands amplified by each primer pair. Blank spaces indicate no PCR product. Fragment lengths that could not be assigned to any characterized mouse strain are indicated as "?". The vast majority of the 59 markers tested (all except the three positions marked *) showed homozygosity for the B6 genotype (C57/C57).
wild-type animals of both mutant lines: from 2674 Ϯ 286 to 2808 Ϯ 327 for the p75 e xonIII mutation and from 2402 Ϯ 188 to 2520 Ϯ 329 for the p75 e xonI V mutation (Fig. 6 ). This is in agreement with counts performed in the inbred C57BL/6 strain at P15 and 3 months of age, when no major changes were observed (data not shown). In contrast, the number of MS cholinergic neurons shows a tendency to decrease in both p75 NTR mutants: from 3026 Ϯ 328 (P15) to 2963 Ϯ 271 (3 months) for the p75 e xonIII mutation and from 3082 Ϯ 258 (P15) to 2796 Ϯ 418 (3 months) for the p75 e xonI V mutation. There are 5.5% more cholinergic neurons in the p75 e xonIII mutants than in their wild-type littermates, and 11% more for p75 e xonI V mutants. Statistical analysis (three-way ANOVA) of these data revealed that (1) the age of the animal significantly ( p Ͻ 0.0001) influences the number of cholinergic neurons and that (2) the difference between wild-type and mutants (regardless of which exon was targeted) is maintained ( p Ͻ 0.0026). The differential effects of the two mutations, however, are now less pronounced ( p Ͻ 0.0661).
The accumulation of the s-p75
NTR transcript is strain dependent Because the only difference between p75 e xonIII and p75 e xonI V mutants at the molecular level is the presence of a residual s-p75 N TR transcript in the former mice, we tested whether the strain-dependent phenotype observed in the MS could be correlated with strain-dependent levels of spliced transcript. Reverse transcription-PCR analysis performed with whole-brain RNA shows that at P15, the s-p75 N TR variant is more abundant in Sv129 mice than in their B6 counterparts, whereas the levels of FL-p75 N TR transcript in whole brain are comparable among mice of both strains. At P15, the MS is one of the brain regions with the highest accumulation levels of s-p75 N TR and one of the regions where its higher expression levels in Sv129 background can be most clearly seen (Fig. 7) .
DISCUSSION
The main result of our study is that mice lacking p75 N TR have significantly more cholinergic neurons in the MS. This result is in line with previous reports demonstrating that one of the functions of p75 N TR is to cause cell death during development, as reported previously in the developing retina and the spinal cord as well as in peripheral sympathetic ganglia (Frade et al., 1996; Bamji et al., 1998; Frade and Barde, 1999) . Because the role of p75 N TR in the development of basal forebrain cholinergic neurons has been analyzed in previous studies that led to contradictory results (see the introductory remarks), the most likely reasons for these discrepancies are discussed below.
Distribution of cholinergic septal neurons in the MS and influence of genetic background
A major difficulty encountered when comparing previous results is that the region of interest, the MS nucleus, has often been determined on the basis of somewhat subjective criteria. The septal region is composed of several different nuclei, and it is heterogeneous with regard to its neuronal composition and connectivity. Moreover, the cholinergic neurons represent only a small fraction of the neurons in the MSDB complex. Because it was unclear whether in the mouse, as established previously in the rat (Sofroniew et al., 1987 (Sofroniew et al., , 1990 , most cholinergic MS neurons would project to the hippocampal formation, we analyzed their projections in mice of all genotypes using FG back-tracing. A strong overlap between the distribution of back-labeled, large magnocellular neurons and neurons immunoreactive for both p75 N TR and ChAT could be observed in all mouse strains. Although these experiments also revealed that the anatomy of the MSDB is very similar regardless of the strain investigated, the dimension of the region containing FG back-labeled neurons varied substantially along the rostrocaudal axis. Therefore, traditional anatomic landmarks and stereological coordinates cannot be used to define the exact location of the MS. To define the total area of the region of interest and its reference volume, we avoided the use of "classic" anatomic boundaries of the septal complex, such as the corpus callosum, the ventral surface of the brain, and "straight lines" drawn from the ventral tips of the lateral ventricles to the ventral surface of the brain (Peterson et al., 1999) . Whereas the boundaries of the MSDB region to lateral and dorsal nuclei of the septal complex can be easily marked using version 3 of the Stereo Investigator Software, any delineation of the MS against the DB tends to be arbitrary (Jakab and Leranth, 1995) , because neurons of the MSDB form a continuum and are the rostral part of the large basal forebrain region. Therefore, we delineated the MS against the DB by a horizontal line connecting the edges of the anterior commissure, as shown in Figure 2 .
Cholinergic neurons were also regularly found in the neighboring lateral septal nucleus. Although rather small, they sometimes form dense clusters, and nearly all of them are negative when stained with p75 N TR antibodies. In contrast, adjacent telencephalic nuclei located more ventrocaudally (Fig. 2, position 16 ) contain ChAT-immunoreactive neurons that are also p75 N TR -immunopositive; however, they do not belong to the MS nucleus. All of these neurons may have been included, at least partially, in some of the previous studies. Using our criteria, and despite the rostrocaudal variability seen between different animals, we found that the MS region of P15 mice consistently yielded a total of 22-24 consecutive frontal vibratome sections. A slightly higher number of frontal sections was obtained from 3-month-old ani- NTR mRNA, which accumulates at comparable levels in both strains, in whole brain the s-p75 NTR transcript accumulates at much higher levels in Sv129 than in B6 animals. Shown here are the results from the MS (pooled from 5 mice of each strain), in which s-p75 NTR accumulates at Ͼ10-fold higher levels in the Sv129 background. mals, which was in line with a slight increase of the reference volume observed with increasing age.
A major outcome of our investigations in wild-type animals is that the number of cholinergic neurons in the MS strongly depends on the genetic background. We found that at P15, pure B6 animals have ϳ33% fewer cholinergic neurons than Sv129 animals (Fig. 4) . This background-dependent effect is in fact larger than the largest difference we observed with the p75 NTR mutant animals (see below).
The p75
exonIV mutation leads to larger increases of cholinergic neurons than the p75 exonIII mutation
As we observed previously in the peripheral nervous system (von Schack et al., 2001) , the p75 e xonI V mutation has a significantly higher impact on the number of MS cholinergic neurons than the p75 e xonIII mutation. The higher degree of variability among individual animals carrying the p75 e xonIII mutation, especially in their original genetic background, also parallels the variability found in counts of sensory neurons (von Schack et al., 2001) . Both the variability and the relatively small effects may have obscured the interpretation of previous studies, all performed with the p75 e xonIII mutation. In contrast, the p75 e xonI V mutation displays a robust phenotype that is largely independent of the genetic background. Because the major difference is that the p75 e xonIII mutation allows residual expression of the s-p75 N TR isoform, it is possible that s-p75 N TR partially compensates for the lack of FL-p75 NTR . Indeed, the cytoplasmic domain of p75 NTR , although expressed at much reduced levels compared with wild-type animals, is still intact and most likely still binds the various cytoplasmic interactors of p75 N TR and interacts with Trk receptors (Bibel et al., 1999; von Schack et al., 2001 ; for review, see Bibel and Barde, 2000) . It is therefore of interest that s-p75 N TR is present at substantially higher levels in the Sv129 background compared with the B6 brain. This may contribute to explaining why the increase in MS cholinergic neurons is smaller in the Sv129 background than in the congenic B6 strain. This reasoning would imply that the effects of the p75 e xonI V mutation, which completely abolishes expression of s-p75 N TR , should not depend on genetic background. In line with this, the mixed B6/Sv129 strain does indeed show an effect of comparable magnitude to that seen in the congenic B6 strain.
Because previous experiments indicate that p75 N TR can cause cell death (Casaccia-Bonnefil et al., 1996; Frade et al., 1996; Bamji et al., 1998; Yoon et al., 1998; Frade and Barde, 1999 ), it appears likely that the explanation for the increased number of cholinergic neurons is a reduction in cell death. Also, previous work has demonstrated that overexpression of the intracellular domain of p75 N TR leads to massive cell death throughout the CNS (Majdan et al., 1997) . This is strong evidence that the cytoplasmic domain of p75 N TR has a substantial death potential for CNS neurons and would be consistent with our interpretation that the complete elimination of the receptor, including its cytoplasmic domain, decreases cell death. How p75 N TR causes cell death is still not understood in detail, but at least one of the interactors of p75 N TR , the neurotrophin receptor interacting factor protein, has been shown to be involved in cell death in the developing CNS (Casademunt et al., 1999) . It is also possible that the complete lack of p75 N TR increases the efficiency of signaling through TrkA. TrkA is coexpressed with p75 N TR in most cholinergic neurons, and TrkAϪ/Ϫ mice have reduced numbers of MS cholinergic neurons (Fagan et al., 1997) . In this context, it is worth noting that both full-length and s-p75 N TR and Trk receptors interact (Bibel et al., 1999; von Schack et al., 2001) , and there is evidence that p75 N TR decreases Trk signaling (for review, see Kaplan and Miller, 1997; Bibel and Barde, 2000) .
In conclusion, our results show that the complete absence of p75 N TR leads to a persistent increase in the number of cholinergic neurons in the MS of the mouse. Given the significance of cholinergic forebrain neurons in learning and memory processes and their degeneration in Alzheimer's disease, our results indicate that a cell-surface receptor expressed at comparatively high levels by these neurons may be an interesting target with regard to the modulation of the survival of these neurons.
